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In this article, we explore several options for linking information technology to materials and products through the use of bar codes and radio-frequency identification (RFID) tags, and the implications for product life-cycle management. We also describe tests with existing and modified tags, both on and inside products, as would be needed for environmental management applications.
Bar codes are cheap and have an existing infrastructure; RFID tags are more expensive and less widespread, but they can be read without a line of sight between the tag and the reader. Bar codes and RFID tags carrying basic product information could link to different databases for a range of applications. Product tags could increase recycling efficiency by automating the sorting of recyclables or by linking to product dismantlement instructions during the recycling process. Product tags could provide incentives for good waste management, through Universal Product Code (UPC) bar-code recycling coupons or through RFID tag automatic recycling credits for curbside collection programs. Measures to encourage the development of these types of applications include moves toward competitive, market-based waste management systems, the encouragement of experimental systems, and coordination between manufacturers and waste management industries.
In the 1980s and 1990s, a number of environmental researchers began thinking about the long-term evolution of technology, economic systems, and the environment. Seeking a manifestation of sustainable development, they proposed a transformation in the management of products, materials, and wastes. Ayres (1989) emphasized the technological evolution of industrial society toward the increasingly efficient use of materials and products. Graedel and Allenby (1995) developed an industrial ecosystem concept in which wastes from one sector would be used as inputs in another sector, with almost complete recycling of materials. Braungart (1994) proposed that all products should either be biodegradable or recycled, with shopping and "deshopping" managed as integrated activities. Making these ideas real remains a challenge. Collecting, sorting, and managing the huge array of consumer products is difficult and expensive.
A different set of researchers is looking at the long-term evolution of technology from the perspective of the digital revolution. Seeking to bridge the gap between the promise of the digital age and its current manifestation, they point to a future in which information technology (IT) is seamlessly integrated into products and into daily life (Brown and Duguid 2000) . In When Things Start to Think, Gershenfeld argues that IT is at an awkward developmental stage and points to a future in which the digital world merges with the physical world (Gershenfeld 1999) .
What is the relation between the environmental and digital futures? Surely IT could make product recycling and life-cycle management easier and cheaper. IT, however, is not just about incremental improvements in efficiency; it can also provide new ways of approaching the environmental future.
To achieve highly efficient management of products, materials, and energy, and the near complete recycling of durable goods while continuing to enjoy an array of increasingly complex goods, both waste management and product lifecycle management will need to join the digital revolution. To mange the recycling, reuse, disposal, composting, refurbishment, or resale of every product, with solutions tailored to the specific characteristics of each item, it will not suffice to look to the waste managers, or the consumers, or even the producers to take responsibility for products. The products themselves will need to help us take care of them. IT creates the potential to think beyond product life-cycle management to product selfmanagement. In this article, we consider one potential early application of product selfmanagement: the use of product tags for environmental management.
Bar Codes and Tags
Bar codes and radio-frequency identification (RFID) tags have become nearly ubiquitous. For more than two decades, virtually every product sold in a retail store in the United States has had a Universal Product Code (UPC) bar code. At clothing and music stores, many products have antitheft tags. Mail services such as the U.S. Postal Service, United Parcel Service, and Federal Express use special bar codes to track packages and to make sorting more efficient. Manufacturers use bar-code labels to record serial numbers and other product information. Drivers can use radio-frequency tags to pay tolls on the highway or to pay for gas. The use of bar codes and RFID product tags has increased the efficiency of commerce worldwide. The use of bar codes and RFID tags continues to increase; some RFID industry watchers predict that RFID tags will replace the UPC bar code in the near future (Sarma et al. 2000) .
The use of product tags in the recycling, reuse, and disposal industries is in its infancy, however. Recyclables and waste are still managed either in bulk, as with municipal waste disposal, or by hand sorting, as with the recycling of electronic products.
In this article, we explore the proposition that bar codes and RFID tags could greatly increase the effectiveness of product recycling, reuse, and end-of-life (EOL) management, providing benefits comparable to those already demonstrated in the manufacturing and retail sectors. We consider two ways that bar codes and RFID tags could improve EOL management: (1) by increasing efficiency in recycling and reuse industries and (2) by making it easy to provide incentives for good waste management.
Increased Recycling and Reuse Efficiency
Bar codes and RFID tags on products could increase recycling efficiency in the same ways that these product tags increase efficiency in the retail sector. Tags on batteries, for example, could make the sorting of battery types for recycling cheaper and more efficient. Tags on electronic equipment could link to Web sites showing how to dismantle the product. Tags on hazardous products, such as household chemicals, could identify the contents and how and where to dispose of them.
Incentives for Good Waste Management
Product tags could make possible many kinds of incentives for recycling. By knowing when a recyclable (or hazardous or valuable) item is put in a recycling bin (or trash can or dumpster), it becomes possible to design programs to reward recycling, or to punish improper disposal. Although recycling incentives, such as deposits on bottles, are not new, an automated, tag-mediated approach can be very low cost and can provide small incentives for low-value recyclables or targeted incentives for hazardous products or lowvolume, high-value items. For example, a single curbside recyclables pickup service could electronically manage a range of targeted rebate programs for different products, different consumers, and different geographic regions.
For these applications to work, the tag must be on the product when it is sold, remain on the product throughout its life, and be readable by the relevant recycling, reuse, or EOL industry. Fortunately, very many products already have tags, particularly bar codes, and some might be adopted unchanged for recycling applications. As we discuss in following sections, product tags are likely to become even more common in the future, and RFID tags may begin to be used on some consumer products. The recycling industries should be able to piggyback on these new tag developments, reaping the benefits at relatively low cost.
Tag Technologies
Two types of tags are currently in competition for product applications: optical tags and RFID tags. Optical tags include not only common onedimensional bar codes, such as the UPC used on grocery-store products and the International Standard Book Number (ISBN) code used on books, but also more complex codes, including two-dimensional codes. RFID tags include both inductive and capacitive types (Fletcher 1997) . A number of other technologies might also be used for product environmental management, including electronic data logs (Klausner et al. 1998 ).
Optical Tags
One-dimensional bar codes store information in a pattern of vertical lines of varying thicknesses and come in a variety of sizes and types. UPCs actually encompass several related barcode standards, including the UPC-A code used on many products in the United States and the EAN-13 code, a superset of the UPC-A code that is used internationally. UPC-A codes contain 12 digits: The first digit is for the type of application (typically zero), the next five digits represent the product's manufacturer, the next five digits represent the specific product, and the last digit is a check digit. UPC bar codes have alternating bars and spaces, each of four different possible thicknesses, and are typically about 2.5 cm long (Barcode Island 2002) (figure 1a).
Code 39, also called Code 3 of 9 and USD-3, is another common bar-code standard. Code 39 was the first alphanumeric bar-code symbology created, and it is used by the U.S. Department of Defense and by the health-care industry internationally, as well as to label many products with model or serial numbers. Code 39 bar codes consist of alternating bars and spaces of two different thicknesses (Barcode Island 2002) .
A third bar-code standard, Code 128, is a very efficient encoding when storing information more than a few characters in length (it is more dense than Code 39) and is used for applications that require densely stored data. Its uses include storing shipping information and labeling an item with an individual serial number (Barcode Journal of Industrial Ecology UPCs have a predefined length and store a predefined amount of information, Code 128 and Code 39 bar codes can be as long and store as much information as needed. A Code 128 bar code that contains 100 bits of information, enough to store a product's manufacturer and type and a unique serial number, would typically be less than 5 cm long.
Two-dimensional bar codes can store thousands of bits of data in the same amount of space in which a one-dimensional bar code stores 100 bits, and they can provide extensive errorcorrection capabilities. In some cases, as much as half of the tag can be covered, damaged, or destroyed and yet the tag can still be read. PDF-417 is a two-dimensional bar-code standard ( Bar codes are inexpensive. Both one-and two-dimensional bar codes can be printed using an ordinary printing process. Many products already have printed labels on them, so adding a bar code onto that label adds little, if anything, to the overall cost of the product. Many electronic and other products already have a Code 128 or Code 39 bar code that stores a serial number (figure 3). Bar codes can be read using either a handheld bar-code scanner or fixed, highpowered bar-code scanners mounted in a conveyer belt assembly. Using the latter approach, bar codes can be read quickly and without human assistance, as long as the bar code is visible to the reader. As of 2002, optical readers that can read a variety of one-dimensional bar codes start at around $200, and optical readers that can read a variety of both one-and two-dimensional bar codes can cost less than $1,000 (BarcodeDiscounters.com 2002).
The primary limitation of optical tags is that they require a line of sight between the reader and the tag. One-dimensional bar codes generally do not have error-correction capability (e.g., redundancies), so if part of the bar code is damaged or covered with dirt, the tag cannot be read. Because most two-dimensional bar codes have error-correction capability, they are much less sensitive to damage and dirt.
Radio-Frequency Tags
Radio-frequency tags are available in a number of variations (figure 4). RFID tags can be read without a direct line of sight between the reader and the tag. Some have batteries that allow operation at long ranges, but for low cost and low maintenance, tags have been developed that do not have batteries ("passive" tags). Some advocates envision that these tags will replace UPC bar codes and become the standard label for many products. As of 2002, prices for RFID tags in high volumes are roughly 30¢ to 50¢. As the technology develops, prices can be expected to fall. This decrease in cost could be in part be-Journal of Industrial Ecology cause of new technologies, such as fabrication of integrated circuits by direct printing (Wagner et al. 2000; Fletcher 1997 ). RFID tags are already used in a number of applications, including baggage tracking at airports, automatic highway tolling, building access, and personnel identification.
A typical RFID tagging system consists of a reader, a tag, and a data processing system to process the data read from the tag. The reader has radio circuitry to communicate with a tag, a microprocessor, a memory, and an antenna. Many RFID systems have the ability to read several tags at the same time. Most passive RFID tags are inductive; loops of conductive material act as the tag and reader antennas. When the reader sends a signal to interrogate the tag, current in the reader antenna creates an alternating magnetic field, which in turn induces current in the tag antenna. The tag modulates this signal with the information it has stored and returns the modulated signal back to the reader. Some RFID tags can be updated by a signal from the reader.
Capacitive tag technology is so named because the electric fields are capacitively coupled to and from the reader and the tag. The tag consists of conductive ink that can be printed with standard printer technology onto an ordinary sheet of paper. The chip is under the black square in the center of the tag. Motorola has sold capacitive RFID tagging systems in the past, but as of 2002, it has discontinued its capacitive RFID product line. We are not aware of any other companies selling capacitive tagging systems, but such systems may again be available at some time in the future.
The U.S. Federal Communications Commission permits the operation of these sorts of radio devices at 125 kHz, 13.56 MHz, 915 MHz, and 2.45 GHz. Lower frequencies penetrate some materials better and are less sensitive to the orientation of the tag with respect to the reader, but higher frequencies typically provide higher data rates and longer read ranges.
Although RFID tags are rapidly improving, they do have limitations. The key issues are read range and interference from metal objects. Range is affected by a number of factors, including the power and size of the reader antenna, the system frequency, and the size of the tag. As of 2002, passive tag systems typically have ranges of less than 1 m. Developments in wireless technology and low-power complementary metal-oxide semiconductors suggest that the range could possibly increase to up to several meters within the next several years. This would be more than sufficient for many waste management applications.
Although RFID tags operate well on paper and plastic packaging, operation on or near metal can be a problem because the metal can alter the electromagnetic fields by which the tags operate. This is particularly important for EOL applications because many products contain metal and are disposed with other metal-containing products.
We have found that both inductive and capacitive tags can operate on some products containing metal, such as batteries (figure 5). Inductive tags need to be specially tuned if they are to be installed on a battery or other metalcontaining object in order to maximize the read range. The metal in the object decreases the inductance of the circuit in the tag, which changes the circuit's resonance frequency. Tuning the tag involves increasing either the inductance or capacitance of the tag's circuit in order to restore the original resonance frequency (see the appendix). In practice, one would design a tag with the appropriate inductance and capacitance for the intended application, rather than modify an already manufactured tag.
We found that capacitive tags also operate well on metal products such as steel or aluminum cans (figure 6), although inductive tags do not. Capacitive tags can also be read through small metal objects, as long as the metal object is not grounded. Both inductive and capacitive tags work well on fluorescent light bulbs, even when placed on a part of the bulb containing metal (figure 7). 1 Optical tags are well suited for applications in which the tagged items can be scanned individually, as a line of sight is required between the bar-code reader and the optical tag. For these applications, optical tagging systems are likely to be preferred to RFID systems, because both the optical tags and readers are cheaper than RFID tags and readers. Because optical tags are printed onto an exterior surface of a product, it is relatively easy for a tag to become covered with dirt or get damaged. RFID tags cost more, but the tag can be built into the product casing to minimize exposure to the elements and increase tag reliability, as long as there is not a lot of nearby metal. In applications in which a line of sight between the tag and the reader is not possible, RFID tags are the only choice. Thus, the primary trade-off in the choice between an optical system and an RFID system is between cost and flexibility of application.
Application to Product Environmental Management

What Data Should be Stored on the Tag?
For many EOL applications, the tag need only identify the make and model of the product to facilitate sorting of products, provide links to databases with recycling information, or assist with sales of used goods on the Internet. This information is already on the standard UPC bar code and other product bar codes.
For other EOL applications, it might be useful to have more information on the tag, and in some cases to be able to update this information. For example, a product's serial number could be used to manage rebates to the owner. To promote reuse of small motors, it has been suggested that electronic data logs could be updated with infor-Journal of Industrial Ecology mation on use and wear during the product's use phase (Klausner et al. 1998) . To make recycling of electronics more economical, "green ports" to store data on product use and composition have been proposed (Dillon 1994) .
Tag information can be updated either by changing data stored on the tag or by keeping the tag fixed and changing a database entry corresponding to the tag number. Applications such as the electronic data log and green ports mentioned above would update the device itself, whereas a rebate program might update a database when the item is returned for recycling.
If product tags are to be used broadly throughout the economy, standardization will be important. One approach is the proposed electronic Product Code (ePC), which would be capable of identifying every item uniquely and would allow a range of databases to be developed corresponding to the tag number. Sarma and colleagues (2000) propose a 96-bit scheme with an 8-bit header and three data partitions (figure 8). Each "X" in the figure indicates 4 bits. Following the tradition of the UPC, one partition has been assigned to the manufacturer and one to the product, or stock keeping unit (SKU). The third data partition represents the product serial number, thus allowing every tagged item to be uniquely identified. This 36-bit serial number allows for over 68 billion uniquely identified objects for each of the 16 million-plus SKUs. Taken together, each manufacturer would be allowed more than 1 quintillion uniquely identified items (Sarma et al. 2000) .
An ePC could be stored on a one-or twodimensional bar code or an RFID tag. Each product's unique ePC would reference an entry in a central database containing more information about the product (which could be updated as needed). This might include the type of product (for example, the type of rechargeable battery), the date and location of manufacture, the composition of the product including any hazardous materials, the date the product was sold, and the date the product was returned for recycling. In some cases, information about the owner of the product could also be stored.
Increasing Efficiency
Bar codes and other product labels can, and to some extent already do, increase efficiency in the recycling, repair, and reuse industries. As these industries mature, greater use of product bar codes and other machine-readable tags is virtually assured. In some applications, bar codes simply identify the product type, and the goal is rapid sorting. Use of bar codes for rapid mail sorting is a familiar example. A potential recycling application is the sorting of batteries. Many kinds of batteries are collected together; different types must then be sorted and sent to different smelters.
In other, low-speed applications, bar codes can link to a database or Web page, providing detailed information about the product. A potential recycling application is the disassembly of computers and other electronic products. Electronics recyclers typically receive many makes and models of equipment, working and nonworking, some with valuable parts and others with little recoverable value. Bar-code-accessible instructions could indicate which parts have greatest value and provide links to markets for the disassembled parts.
These instructions might be developed by the recycling industry, by the product manufacturers, or by an industry-wide consortium. Existing product bar codes or labels could possibly be used, which would allow such a system to be used even for products that have already been sold. This would require development of databases that would relate existing labels to the make and model of each product. Alternatively, a new label could be developed; one option is discussed below.
Bar-code-accessible instructions could help recyclers comply with regulations requiring the removal of specific hazardous components. A potential recycling application is the removal of mercury switches from automobiles. Although use of mercury switches is being phased out, they are common in older cars and result in mercury emissions when cars are recycled. A database could show which cars have mercury switches, where they are, and how to replace them with nonmercury switches. For removal during annual vehicle inspections, scanning of the automobile's vehicle registration bar code (figure 2a), already standard in some U.S. states, could provide access to this information.
Incentives for Recycling
Beyond increasing efficiency of existing operations, product tags could support increased recycling rates. Currently, consumers typically have little incentive to recycle, and many recyclable items are disposed with municipal solid waste (Menell 1990 ). Product tags on key recyclable items such as batteries, electronics, fluorescent lamps, and hazardous chemicals could provide incentives for good EOL management and disincentives for bad EOL management.
The choice of tag technology would depend on where and how the tags would be read. If tags are to be read during curbside pickup of waste or recyclables or anywhere that items are picked up in bulk and dumped quickly into a truck, then RFID tags have an advantage over bar codes because RFID tags can be read automatically. On the other hand, if the tags are to be read in a store or at a drop-off center, bar codes might be the cheapest and easiest approach, because bar code readers are already available and the customer or the clerk could read the items in one by one. Two potential uses for tags with information about product make and model are discussed below: use of RFID curbside collection and use of in-store bar-code-based recycling. Alternative implementations of a recycling incentive program (such as managing automatic rebates from a centralized recycling facility) might make use of a unique serial number linked to a database listing the recipient of the rebate for that product.
RFID-Equipped Curbside Collection
The installation of RFID readers on trucks that collect recyclables or waste would allow automated inventory of waste and recyclables for each household. If recycling and waste management services could identify items in a customer's waste bin, a wide range of incentive systems could be developed. Incentives and disincentives (rebates and fees) could go to the consumer, depending on what they put in which bin. In addition, municipalities could pay recyclable collectors extra for taking hazardous, difficult-tomanage items such as mercury-containing fluo-Journal of Industrial Ecology To make such a system work, trucks for waste and recyclables would need to be fitted with RFID readers and antennas; such a system would likely cost somewhere from a couple hundred dollars to a couple thousand dollars, depending on implementation details. Also, each recycling/ waste bin would need to be fitted with an RFID tag, so that the truck could identify the customer. This type of setup is already commercially available, for programs that charge customers by the weight of waste disposed and for programs that provide customers a rebate for recyclables (again by weight) (ISWA 1999). U.S.-based Toter, Sweden-based Botek, and Australia-based Fleetcom all market this kind of system. Also, a significant number of products containing materials hazardous to the environment would need to have embedded RFID tags to justify the reader and infrastructure costs.
Development of RFID-managed recycling is hampered not only by the cost of the tags and the cost of installing RFID systems on waste trucks, but also by the complexity of establishing such a program. At the current time, when RFID tag systems are still gaining popularity and new technologies and refinements of current technologies are under development, establishing such a system would require close cooperation between product manufacturers and waste haulers. In the future, it could be much easier to establish such a system if RFID tags were already used on products to support manufacturing, sales, or service.
Thus, rather than advocating immediate efforts to develop RFID-based recycling programs, we suggest waiting to see how this technology develops and working now to ensure that the development of RFID and other product-labeling systems is compatible with recycling applications. This type of issue is discussed in the final section of this article.
In-Store Recyclables Collection
An alternative approach is to collect recyclables in stores or recycling centers. Stores already have bar-code systems to manage sales and inventory. Some stores already take products back for recycling. For example, the Rechargeable Battery Recycling Corporation (RBRC) provides battery collection boxes to hardware and electronics stores in the United States and Canada (RBRC 2002) .
It would be straightforward and inexpensive to use a UPC bar code to provide a rebate, or "recyclebate," to the consumer. One approach would be to print a UPC "coupon code" directly on each recyclable product. The coupon code is a UPC code that begins with the number 5, followed by the manufacturer's code, followed by a three-digit "family code" representing all the products that are eligible for the coupon, then two digits for the value of the coupon and a check digit (figure 9) (Brain 2002) . By printing a UPC bar-code coupon on their products, manufacturers could provide a rebate for their product that could be read and managed by any store or organization. By reading in the item at the checkout counter, customers could receive a discount on purchases in exactly the same way as using a coupon.
To make this work, manufacturers would need to print a UPC coupon code on their recyclable product, and some set of stores or centers would need to agree to accept the product for recycling in this way. This would be straightforward for established in-store recycling programs such as the RBRC battery collection program in the United States and Canada. Hardware and electronics stores would simply need to keep their RBRC battery recycling box at the checkout counter and read in the battery's coupon before dumping it in the RBRC box. Alternatively, stores could set up a recycling kiosk, similar to those now found in some stores, but with a bar-code scanner that would allow customers to scan their own batteries and receive a printed coupon for later use. All the procedures for sending batteries from the store for recycling would remain as in the current RBRC system. The difference would be that the coupon would give customers an incentive to bring in their rechargeable batteries. Stores could benefit from the recyclebate program in the same way that they benefit from other coupons.
Obviously, redeeming recycling coupons costs money. This could be financed through an explicit deposit system. Alternatively, the recycling coupons could be paid as a marketing cost by the manufacturer or the retailer, in the same way that many other coupons are managed.
A bar-code rebate system would also be straightforward to implement for programs such as the Changes Recycling Centres, which operate in some grocery stores in British Columbia, Canada (Changes 2002). These centers collect packaging for recycling and give customers cash or store coupons in return, in what might be seen as an early implementation of Braungart's shopping/deshopping concept (Braungart 1994 ). Braungart has proposed that "waste supermarkets" could be expanded versions of today's buyonly shopping markets: When shopping for new goods, the consumer would also do deshopping by returning used products. At the Changes Recycling Centres, the stores are already managing the cost of the recycling center; use of a bar-code recycling rebate label could make this program more economical.
Toward Trash That Thinks
What kinds of measures could encourage greater use of IT in EOL management? First and foremost, if EOL industries become more competitive and market driven, they are more likely to use IT to increase their efficiency. Recycling and waste management regulations should be clear, consistent, and emphasize results rather than procedures. National-or continental-scale programs and policies could encourage the development of efficient EOL management systems.
Second, a number of measures might specifically encourage use of product tags for EOL management.
• Companies, industries, states, and other organizations should be encouraged to experiment. Development of even simple bar-code rebates could require crossindustry cooperation and present a number of complex choices. A great deal might be learned from experimental efforts.
• Industry-wide discussion and planning for recycling-tag specifications could be useful. Discussions might address, for example, tags that might be used in more than one EOL application. A recycling coupon tag (figure 9) might also be used by a recycler to link to disassembly information. But although a recycling coupon program could be implemented by a single manufacturer, the tags might be most useful for disassembly if many manufacturers used the same type of tag. In addition, although a rebate code might reference all the products of a manufacturer, for disassembly purposes each product model needs a different tag.
• To use product tags for EOL management, the bar code or RFID tag needs to remain on the product, not on the packaging. In addition, if the EOL application uses the same tag as is used for product sales, the code needs to be conveniently readable both at the point of sale and at EOL. This needs special attention for RFID tags, as different types of tags and readers are not necessarily compatible with one another. • Although use of RFID for EOL management probably needs to wait for a few more RFID applications to develop, there is no need to wait for universal application of low-cost RFID tags. EOL applications do not require RFID tags to be on all products, and the tags do not need to be exceedingly cheap. RFID tags do not need to use the ePC (figure 8) that gives every item a unique serial number (and that may raise some privacy concerns). The use of RFID tags on every product (soap, newspapers, socks, etc.), as has been envisioned for retailing applications, would require very low cost tags, perhaps 5¢ or less. But RFID tags on durable, high-value products such as furniture, computers, and electronics could be useful even if the tags cost 25¢ or more. Use of RFID tags on a limited set of durable products would be more than sufficient for the development of EOL applications. On the other hand, enough products would need to be tagged to justify the expenses of readers and the development of the infrastructure.
Finally, IT need not only, or even mostly, be about efficiency. In innovations like on-line auctions, IT has made stodgy, unpleasant activities (like cleaning out the attic) into something fun, popular, and with maybe half a chance of being profitable. Recycling programs designed just to be efficient or to satisfy regulatory requirements have little hope of being innovative, never mind revolutionary. If the digerati 2 and the garbage men could put together a fun and popular system, it just might work.
where L is the inductance of the circuit and C is the capacitance of the circuit. Because metal is conductive, it interferes with nearby electromagnetic fields. This effect reduces the inductance of a tag near a metal object and thus changes the resonant frequency of the circuit (equation 1). To compensate, it is possible to tune the tag by increasing its inductance or capacitance. Figure 10 shows how a tag can be retuned by changing the capacitance. Figure 10a shows an unmodified tag; figure 10b shows a tag on which we replaced capacitors C2 and C1, with the new capacitor at C1 being a variable capacitor. By changing the capacitance, the tag was retuned so that it would operate at roughly a 50% increased range while installed in a nickel cadmium laptop battery.
Inductive tags can also be tuned by changing the number of inductive loops. Figure 11 shows how we added an extra (external) loop of wire to a previously unmodified Microchip microID hard tag. This modification increased the read range for a tag installed in a nickel cadmium battery by more than a factor of 2. 
